Metamaterials have received significant interest in recent years due to their potential ability to exhibit behaviour not found in naturally occurring materials. This includes the generation of band gaps, which are frequency regions with high levels of wave attenuation. In the context of acoustics, these band gaps can be tuned to occur at low frequencies where the acoustic wavelength is large compared to the material, and where the performance of traditional passive noise control treatments is limited. Therefore, such acoustic metamaterials have been shown to offer a significant performance advantage compared to traditional passive control treatments, however, due to their resonant behaviour, the band gaps tend to occur over a relatively narrow frequency range. A similar long wavelength performance advantage can be achieved using active noise control, but the systems in this case do not rely on resonant behaviour. This paper demonstrates how the performance of an acoustic metamaterial, consisting of an array of Helmholtz resonators, can be significantly enhanced by the integration of an active control mechanism that is facilitated by embedding loudspeakers into the resonators. Crucially, it is then also shown how the active acoustic metamaterial significantly outperforms an equivalent traditional active noise control system. In both cases a broadband feedforward control strategy is employed to minimise the transmitted pressure in a one dimensional acoustic control problem and a new method of weighting the control effort over a targeted frequency range is described.
Introduction
A significant challenge in noise control engineering is achieving a high level of performance, or noise attenuation, within low size and weight constraints. This challenge becomes particularly demanding at low frequencies where the acoustic wavelength is large and the required dimensions of traditional passive noise control treatments become impractical for many applications. An alternative to increasing the size of the acoustic treatment is to increase its mass, however, this method has similar practical restrictions and it is clear that in many applications, such as the automotive environment, increasing the mass is unacceptable.
One alternative method of controlling low frequency noise that has been extensively investigated, and has relatively recently become a practically viable solution in a number of sectors, is active noise control. In the acoustic domain this technology is based on generating a secondary sound field using control sources that destructively interferes with the primary, unwanted sound field [1] . This technology has been applied in the automotive [2] , maritime [3, 4] and aerospace [5, 6] sectors, as well as quite extensively in consumer audio applications [7] . In addition to the benefits afforded by active control technology in terms of the size and weight requirements, there is also a significant benefit in that the system can adapt to changes in the unwanted noise source. Active noise control requires accurate matching of both the spatial and temporal response of the sound field and, therefore, is generally limited to lower frequencies where the acoustic wavelength is long. This makes active noise control a complementary solution to traditional passive noise control treatments, which have large mass or volume requirements when controlling low frequency sound.
In more recent years an alternative approach to achieving noise control at low frequencies has emerged based on the principles of metamaterials developed in the realm of electromagnetics [8] . These so-called acoustic metamaterials use an engineered sub-wavelength structure to achieve significant levels of noise control within low weight and size requirements [9] . In particular, such materials might use a structure consisting of periodically arranged locally resonant elements to introduce band gaps, which are spectral regions in which wave propagation is significantly impeded [10] . For example, an array of split hollow spheres, which act as Helmholtz resonators, has been Email address: j.cheer@soton.ac.uk (Jordan Cheer) used to achieve significant levels of transmission loss over a fixed bandwidth [11, 12, 13] . If an array of identical resonators is employed, the bandwidth over which significant attenuation is achieved is somewhat limited, due to the resonant nature of the band gaps. However, the bandwidth over which attenuation can be achieved can be extended by tuning the resonators in the array to multiple frequencies, although this inherently requires a large number of resonators to be employed and thus begins to reduce the compactness of the metamaterial solution [13, 14] .
To overcome the limitations of passive acoustic metamaterials, attention has recently been focused on introducing active control technologies into metamaterials designed to control both acoustic and structural waves. In both cases, active metamaterials have the potential to increase the bandwidth of control, overcome some of the losses inherent in a passive metamaterial and facilitate adaptable and tuneable systems [9] . In the field of active acoustic metamaterials, a number of systems have been proposed which use piezoelectric actuation to control wave transmission [15, 16, 17, 18, 19, 20] . In both [15, 16] a piezoelectric based metamaterial is used to implement a tuneable acoustic lens, which is capable of steering the direction of wave propagation. In [17, 18, 19, 20] piezoelectric-based metamaterials are used to control acoustic transmission in a waveguide. In particular, [17] proposes an active acoustic metamaterial with a reconfigurable effective density and it is experimentally demonstrated in [18] , through measurements of the transmission loss, that this system is able to achieve a band gap with a tuneable frequency. In [19] , an array of piezoelectric diaphragms is used to adaptively control the effective density or bulk modulus by utilising a feedback controller between a pressure sensor and the piezoelectric diaphragm. Membrane-based active acoustic metamaterials have also been recently realised using both magnetic [21] and electrical [22] field control mechanisms. These active metamaterials allow the effective density and, therefore, the wave transmission to be tuned by varying either the magnetic [21] or electrical field [22] .
In the area of structural vibration control, active metamaterials have also been investigated using perhaps more varied configurations to their acoustic counterparts. In direct analogy to active acoustic metamaterials, a number of systems have been investigated which use shunted piezoelectric elements to directly control structural waves. For example, in [23] shunted piezoelectric patches are used to control wave transmission in a structural waveguide, while in [24] shunted piezoelectric patches are used to create tuneable band gaps in the structural response of a plate. However, active metamaterials have also been proposed that, rather than using a purely active mechanism, combine passive and active elements. For example, in [25] a theoretical demonstration of incorporating active 'Skyhook' damping into a metamaterial consisting of periodic resonant masses is presented. More recently, a number of authors have investigated structural active metamaterials which combine an active element into a locally resonant unit. For example, in [26, 27] shunted piezoelectric discs are used to vary the stiffness of local resonators and, therefore, tune their resonance frequency to adjust the stop band. Whereas, in [28] the shear modulus of an electrorheological elastomer is used to tune local resonators in order to steer flexural waves in a plate. Finally, it has been shown in [29] how the width of the band gap in a viscoelastic metamaterial consisting of multiple passive resonators designed for vibration isolation can be increased by incorporating an active feedback control mechanism into the resonating units.
On the basis of the success in the field of structural active metamaterials, some initial work has investigated the potential advantage of incorporating active elements into traditional passive acoustic resonators [14, 30] . However, this idea has not been experimentally demonstrated or extended to the full metamaterial case, which consists of multiple active resonant units. In this paper the idea of incorporating active control into an acoustic metamaterial consisting of an array of resonant elements is investigated and it is demonstrated that there is a significant performance advantage to be gained by combining passive and active mechanisms rather than using either purely active or passive designs. In Section 2 the acoustic metamaterial is described and its passive performance is presented. In Section 3 the feedforward active control algorithm with frequency dependent control effort weighting is described in detail. In Section 4 offline simulations using measured responses are used to investigate the performance of the active acoustic metamaterial and compare its performance to a purely active design employing standard loudspeakers. In Section 5 the results of a real-time experimental implementation of both the active acoustic metamaterial and the standard active control system are presented. Finally, in Section 6 the results are summarised and conclusions are drawn.
An Active Acoustic Metamaterial
To overcome the performance limitations of passive metamaterials based on using arrays of Helmholtz resonators [12, 13, 31, 32] , as discussed in the in-troduction, an active acoustic metamaterial is proposed which incorporates a loudspeaker into the cavity of each of the Helmholtz resonators. Previously, single active Helmholtz resonators have been proposed that incorporate a loudspeaker within the cavity of the resonator [33] and this basic approach is extended here. For the metamaterial application, where multiple active resonators are ultimately required, a standard loudspeaker has been incorporated into a Helmholtz resonator by mounting it at the rear of the resonator's cavity as illustrated in Figure 1 . The loudspeaker utilised in the work reported here was a micro-speaker with a fundamental resonance frequency at around 560 Hz and the dimensions of the speaker and the resonator are also shown in Figure 1 . The resonant frequency of the loudspeakers was chosen to be below the Helmholtz resonance frequency, so that the loudspeakers operate in their mass-controlled region and, therefore, have approximately constant acoustic output against frequency. At resonance, the loudspeakers are more efficient and, therefore, operating in this region could improve the overall efficiency of the active control mechanism in practice. Figure 2 shows two photographs of the practical implementation of the active resonator. Figure 2a shows the assembled resonator and Figure 2b shows the two main parts of the resonator separated. From Figure 2b it is possible to see the position of the loudspeaker mounted at the rear of the Helmholtz resonator cavity. It is important to highlight that by removing the pipe section on the left of Figure 2b to leave the loudspeaker coupled to an open cavity, as shown on the right of Figure 2b , it is possible to assess the performance of the active system without the effect of the passive resonator -i.e. a standard loudspeaker unit. 
Open-Loop Performance
The performance of an array of standard, passive Helmholtz resonators has previously been investigated [11, 12, 13, 14] . However, it is important to confirm that the introduction of the loudspeaker into the resonator does not affect this performance in terms of the level of transmission loss, the resonance frequency or the effective bulk modulus. Therefore, the transmission coefficient of both the open-loop active Helmholtz resonator (i.e. with no voltage driving the loudspeaker) and the passive Helmholtz resonator (i.e. with the loudspeaker removed) has been measured in an impedance tube. It should be noted that when the loudspeaker is removed, it is replaced with a rigid end-cap to ensure that the volume of the resonator cavity remains unchanged. The transmission coefficient has been measured using the fourmicrophone method described in [34] . This method allows the transfer matrix of a material to be determined by generating a plane wave in an impedance tube, which can be achieved using the disturbance loudspeaker shown in Figure 3 , and measuring the pressures at four microphone locations, which are also shown in Figure 3 . Once the transfer matrix has been calculated from these four pressure measurements, as described in [34] , it is then possible to not only calculate the reflection and transmission coefficients, but also the wavenumber and acoustic impedance. Using these parameters, it is then possible to calculate the effective material properties [34] , which are integral to evaluating the behaviour of metamaterials. [34] , the reference signal, x and the error signal e, the location of the disturbance loudspeaker and the active acoustic metamatierial. 4a and 4b, or the passive resonators, Figures 4c and 4d, are installed in the impedance tube. From these plots it can be seen that the band gap, or the region of reduced transmission, is at around 620 Hz in both cases and similar levels of transmission loss are achieved for the open-loop resonators with embedded loudspeakers and the standard passive resonators without loudspeakers. This demonstrates that the integration of the loudspeaker into the Helmholtz resonator does not have a significant impact on either the resonant frequency, or the level of transmission loss when the control system is open-loop and, therefore, the loudspeaker is not being driven. As expected, increasing the number of resonators in both cases increases the level of transmitted wave attenuation, such that with 4 resonators a transmission loss of around 4 dB is achieved and the 3 dB bandwidth is around 70 Hz in both cases. It can also be seen that the number of resonators influences the normalised effective bulk modulus and this becomes negative between 595 and 685 Hz in the four resonator case.
Optimal Multichannel Broadband Active Control
Previous work has demonstrated the potential benefit of incorporating an active control mechanism into a viscoelastic passive metamaterial in order to enhance its performance [14, 25, 29] . To investigate the potential of the active Helmholtz resonator shown in Figure 2a to increase the performance of the passive acoustic metamaterial, it is first necessary to determine a suitable control strategy. In order to understand the physical limitations of the active acoustic metamaterial, rather than the limitations of the controller, an optimal multi-input, multi-output (MIMO) feedforward control strategy will be employed to investigate the performance of the system through offline simulations using measured responses. These offline performance predictions will then be validated by employing a practical adaptive controller to implement the system in real-time. Figure 5 shows the standard MIMO feedforward control architecture [35] , where x is the reference signal, P is the single-input L-output primary path response, G is the M -input L-output MIMO plant response, W is the singleinput M -output control filter and e is the vector of L error signals. In the context of the active metamaterial implemented in the impedance tube, the error signal is provided by a microphone located downstream from the active metamaterial and the reference signal is provided by the signal driving the disturbance loudspeaker in the impedance tube, as shown in Figure 3 . If it is assumed that the plant and the control filter are linear time invariant and that the control filter is implemented as a bank of M finite impulse response (FIR) filters with I coefficients, then the error signal can be expressed as [35] 
where n is the sample time, d is the vector of L disturbance signals measured at the L error sensors, R is the matrix of reference signals filtered by the plant responses and w is the vector of control filter coefficients. When the control filter is adaptive, this representation assumes that the filter coefficients are changing slowly compared to the dynamic response of the plant [35] . 
Broadband Optimal Control
In the case of a broadband multichannel active controller, the control filters are most commonly optimised to minimise the expectation of the sum of the squared error signals. The cost function in this case is given by
9 where E is the expectation operator. In many practical applications, in order to improve the robustness of the algorithm and to limit the magnitude of the control signals, it is common practice to also include a term in the cost function that is proportional to the sum of the squared filter coefficients, or the control effort. This leads to the cost function given by
where β is a positive scalar used to weight the importance of limiting the control effort. Substituting eq. 1 into eq. 3 and expanding gives the cost function as
The optimal vector of FIR filter coefficients can then be calculated and is given by [35] 
In practice, the regularisation coefficient, β, can be tuned to limit the overall broadband control effort. However, in many practical applications it is often necessary to limit the control effort used by individual control sources and in particular frequency bands. For example, in order to avoid stroke saturation in inertial actuators it may be necessary to limit the low frequency control effort. In the present active metamaterial application it may be desirable to focus the control effort in the bandwidth around the Helmholtz resonance in order to enhance the control, or to weight the control effort so that it broadens the band gap. In the following section a modification to the regularised filtered-reference solution given by eq. 5 will be introduced.
Optimal Control with Frequency Dependent Control Effort Weighting
Frequency dependent control effort weighting can be implemented by defining a frequency weighted control effort as
where w b is the vector of control filter coefficients filtered by an N b coefficient FIR weighting filter b, which can be expressed as the convolution
This frequency dependent control effort weighting method was proposed in [36] in the context of calculating fixed optimal filters for sound reproduction systems and has also been employed in the context of personal audio systems [37] , however, it has not previously been applied to an active noise control application.
Using the frequency weighted control effort given by eq. 6, a new cost function can be defined as
In order to derive the optimal vector of control filter coefficients, w, that minimises this cost function, it is first necessary to express the convolution in eq. 7 using the convolution matrix, B, which leads to the matrix-vector multiplication
The convolution matrix B is formed from the coefficients of the weighting filter, b, arranged in the Toeplitz form as
This convolution matrix has I columns and (I + N b − 1) rows and, therefore, its sparsity is determined by the difference between N b and I. Using eq. 9, the cost function given by eq. 8 can be written as
and substituting eq. 1 for the error leads to
The optimal vector of control filter coefficients can then be calculated as
where β = B T B. By designing the FIR weighting filter, b, it is possible to introduce frequency dependent effort weighting and, therefore, focus the control effort in a particular bandwidth.
Offline Predictions of the Active Acoustic Metamaterial Performance
Using the feedforward control strategy with frequency dependent control effort weighting, the performance of the active acoustic metamaterial consisting of different numbers of active Helmholtz resonators has been predicted using the electroacoustic responses measured in a standard impedance tube, as depicted in Figure 3 . For example, Figure 6 shows the four active Helmholtz resonators positioned in the impedance tube. From this figure it can be seen that the individual units are positioned in a plane, and thus act on the incident wave in parallel. This is consistent with some previous studies into passive resonator-based acoustic metamaterials [12, 13] , but also contrasts with some other configurations in which the individual units have been positioned back-to-back and so act in series [38, 39] . However, because the system considered here is operating in the long wavelength limit, the orientation will not have a significant impact on the performance in this instance. In addition to the closed-loop performance of the active acoustic metamaterial, the performance of an active system using standard loudspeakers without the contribution of the Helmholtz resonator has also been tested. In the first section the regularisation matrix, β, has been defined to maximise the performance in the bandwidth around the frequency of the Helmholtz resonance, while in the second section the control effort weighting filter has been designed to increase the bandwidth of control. In all cases the active strategy has been optimised to minimise the downstream pressure and, therefore, minimise the transmitted wave; however, in order to provide additional insight and relate the results to previous work on resonator-based metamaterials, the resulting change in the effective bulk modulus has also been presented.
Enhancing the level of performance
In this section, the feedforward active control strategy has been designed to focus the control effort around the 620 Hz resonance of the Helmholtz resonators used in the metamaterial. This has been achieved by designing the weighting filter, b, to limit the control effort below 400 Hz and above 800 Hz. The magnitude response of the resulting control effort weighting filter is shown by the solid black line in Figure 7 . Additionally, a standard broadband regularisation factor has been included to ensure that all of the loudspeakers are operating within their linear dynamic range in each case. Figure 4 it can be seen that the active control mechanism effectively increases both the depth and the bandwidth over which the transmitted wave is attenuated. For example, when using 4 active resonators the transmission loss is up to around 14 dB, which is a 10 dB increase compared to the open-loop and, therefore, passive case. Additionally, a transmission loss of more than 3 dB is achieved over a bandwidth of 390 Hz in the 4 resonator closed-loop active system, compared to a bandwidth of just 70 Hz in the open-loop or passive system. Additionally, although the closed-loop active system has been optimised to control the transmitted wave and not the material properties, Figure 8c shows the real part of the effective bulk modulus normalised to the bulk modulus in air. From this plot it can be seen that as the number of resonators is increased, a negative effective bulk modulus is achieved over a wider bandwidth. In particular, for the 4 resonator closed-loop active system a negative effective bulk modulus is achieved between 323 and 840 Hz, which is a 5.7 times increase in the bandwidth over which negativity is achieved compared to the open-loop or passive resonators.
It is evident from these results that the increase in performance achieved by incorporating an active mechanism into the Helmholtz resonator based metamaterial is significant, however, in order to demonstrate the benefits of combining the active and passive elements, Figures 8d and 8f show the transmission coefficient and normalised effective bulk modulus when active control is implemented without the Helmholtz resonators. This has been achieved by removing the front sections of the active units, as shown in Figure 2b . It should be highlighted that, as shown in Figures 8b and 8e , the two active configurations have been constrained to use similar levels of control effort over the same bandwidth. From Figure 8d it can be seen that without the Helmholtz resonators, the system achieves a much lower level of transmission loss in the bandwidth of interest. More interestingly, however, it can be seen that the increase in the transmission loss achieved by incorporating the Helmholtz resonators into the active system is greater than the passive performance of the resonators alone; that is, for the system employing 4 Transmission coefficient, dB units, incorporating the resonators into the active system provides a 10 dB increase in the transmission loss, while the passive transmission loss alone is only 4 dB. It is also interesting to observe from Figure 8f that the closedloop active system using standard loudspeakers does not achieve a negative effective density.
Extending the performance bandwidth
Although it has been shown in the results above that the active acoustic metamaterial is able to significantly increase the level and bandwidth of control compared to both the passive metamaterial and the equivalent array of standard loudspeakers, it is also interesting to investigate the potential to enhance the performance away from the frequency of the Helmholtz resonance. Therefore, an alternative control effort weighting filter has been designed to focus more control effort above the passive resonance, between 800 and 1100 Hz. The magnitude response of this control effort weighting filter is shown by the dashed grey line in Figure 7 . From this plot it can be seen that the control effort in the bandwidth between 400 and 800 Hz is now limited in comparison to the previous configuration to ensure that more effort is used to control the sound transmission above resonance.
The transmission performance of the closed-loop active acoustic metamaterial with 4 units is shown in Figure 9a . This plot shows the open-loop, or passive metamaterial performance along with the performance achieved by the closed-loop active system when optimised using each of the two control effort weighting filters shown in Figure 7 . Figure 9b shows the corresponding control effort for the two active strategies and it should be highlighted that the broadband averaged control effort is equal in both cases. From these results it can be seen that the bandwidth over which the transmission coefficient is controlled by the active acoustic metamaterial can be extended using the control effort weighting strategy, however, increasing the bandwidth beyond the frequency of the Helmholtz resonance whilst maintaining the broadband averaged control effort leads to a reduction in the maximum level of attenuation. Specifically, a transmission loss of more than 3 dB is now achieved over an increased bandwidth of around 600 Hz, but the maximum level of attenuation, which still occurs at the frequency of the Helmholtz resonance, is 7 dB. Figure 9c shows the normalised effective bulk modulus for the open-loop, or passive, and two active closed-loop 4 resonator systems. From this plot it can be seen that for the closed-loop system with a broader bandwidth of transmission loss, the real part of the bulk modulus is negative for a smaller bandwidth between around 575 and 845 Hz. Although the upper frequency at which a negative bulk modulus has been achieved has been increased by 5 Hz, the lower frequency has been significantly increased compared to the narrowband closed-loop system. However, it is important to highlight once again that the active control strategy used here has been optimised to minimise the transmitted wave and, therefore, any changes in the effective bulk modulus are simply a by-product of this control strategy. Nevertheless, the presented results demonstrate the potential of the proposed active acoustic metamaterial to manipulate the effective material properties.
It is also interesting to consider the performance achieved by the array of 4 standard loudspeakers and Figure 9d shows the open-loop transmission performance along with the closed-loop performance achieved by the loudspeaker-based active system optimised using each of the two control effort weighting filters shown in Figure 7 . Figure 9e shows the corresponding control effort for the two active strategies and, once again, the broadband averaged control effort is equal in both cases and is also equal to that used by the active resonator-based metamaterial. From these results it can be seen that when the control effort is focused in the 800 to 1100 Hz bandwidth, the loudspeaker-based system achieves a maximum transmission loss of almost 6 dB at around 1 kHz. This is 2 dB more attenuation than obtained by the active resonator based metamaterial in the increased bandwidth configuration at this frequency and this can related to the reduced sensitivity of the loudspeaker at frequencies above resonance when it is coupled to the Helmholtz resonator. However, it is also important to consider the bandwidth of control and from the results in Figure 9 it can be seen that the loudspeaker-based system only achieves a transmission loss of more than 3 dB over a 450 Hz bandwidth compared to the 600 Hz bandwidth achieved by the equivalent active resonator based configuration. From these results it remains clear that a significant advantage in terms of the overall control bandwidth can be achieved by integrating an active mechanism into a resonant passive metamaterial compared to employing standard loudspeakers in an active system. For completeness, Figure 9f shows the effective bulk modulus of the loudspeaker-based active systems, and once again, it can be seen that the loudspeaker-based system in the open-loop and both closed-loop configurations does not achieve a negative bulk modulus. 
Real-time Adaptive Implementation of the Active Acoustic Metamaterial
In the previous section the performance of the active acoustic metamaterial has been investigated through offline predictions using the measured electroacoustic responses. This has allowed a large number of different configurations to be explored, however, it is important to validate these results experimentally. Therefore, the active acoustic metamaterial and the active system employing standard loudspeakers have both been implemented in real-time using a filtered-reference least mean squares adaptive algorithm [35] . Figure 10a shows the measured transmission coefficient for the active acoustic metamaterial employing 4 units when it is implemented using each of the weighting filters shown in Figure 7 ; the passive, or open-loop performance is also shown for reference. From these results it can be seen that the measured transmission performance is consistent with the offline predictions shown in Figure 9a and, therefore, these results confirm the potential performance of the active acoustic metamaterial to efficiently control the transmission of sound. In order to also confirm that the active acoustic metamaterial outperforms the active control system employing standard loudspeakers in practice, Figure 10b shows the performance of the standard system measured under the same conditions. It can be seen that these results are consistent with the offline predictions presented in Figure 9d and, therefore, confirm the advantages achieved by integrating an active mechanism into a passive metamaterial. The control effort and effective bulk modulus have not been included for the real-time experimental results for conciseness.
Conclusions
Acoustic metamaterials that use sub-wavelength, locally resonant elements to achieve high levels of noise control have been of significant interest in recent years. This is mainly due to the potentially high levels of performance that can be achieved within a small and lightweight package. It has been demonstrated in previous work that the performance of such metamaterials can be enhanced by using active control technology, however, this has not previously been fully investigated for an active acoustic metamaterial. This paper has, therefore, presented an investigation into the performance benefits of combining an active control mechanism into a locally resonant metamaterial designed to achieve high levels of transmission loss. An active acoustic metamaterial has been implemented, which is built up from multiple active Helmholtz resonators, in which a loudspeaker embedded into the resonator facilitates the control mechanism. An optimal feedforward control strategy, which minimises the downstream pressure in an impedance tube, has been used to design the active control filters. In order to focus the control effort in a particular bandwidth, the optimal control filters have been calculated using a frequency dependent regularisation, which has been introduced for the active control application for the first time. It has been shown that by incorporating active control into the locally resonant acoustic metamaterial, a significant increase in the level of transmission loss can be achieved, but it is also possible to broaden the bandwidth over which the transmitted wave is attenuated. For the designed system, this means that a high level of transmission loss can be achieved within a compact solution. It has also been shown that the significant reduction in transmission loss leads to a negative effective bulk modulus and, therefore, although the proposed active metamaterial has been used to control the transmitted wave in this work, it does have the potential to manipulate the effective material properties.
The performance of the active, locally resonant metamaterial has also been compared to the equivalent active system using standard loudspeakers when both systems are constrained to operate over a fixed bandwidth and use the same control effort. These results have demonstrated that without the Helmholtz resonators, the loudspeakers do not achieve significant levels of control and, moreover, the increase in performance achieved by incorporating the resonators into the active system is greater than the passive performance of the resonators alone. The presented results have therefore demonstrated the significant advantage that may be achieved by incorporating active elements into a passive, locally resonant acoustic metamaterial.
